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INTRODUCTION 
Interest in the role of the inorganic cations calcium, magnesium, potassium, 
and sodium in the economy of the muscle cell has been widespread. Thus among 
others Morgulis  and his students (1) have stressed  the role of the calcium to 
magnesium ratio in the adenosine triphosphatase (ATPase) activity of myosin, 
while Meyerhof and his group  (2) have discovered in muscle a  new ATPase 
which  is strongly activated by magnesium but inhibited by calcium.  Szent- 
Gyorgyi and his associates  (3) have placed particular emphasis on the role of 
potassium ions in muscular economy, while Conway and Hingerty (4)  have 
investigated the relation of potassium and sodium levels in mammalian muscle. 
The whole subject of electrolytes in muscle has been  reviewed by Fenn (5) 
and his paper should be consulted  for a complete bibliography of the earlier 
work.  The literature on the relation of electrolytes  to muscular atrophy has 
been  reviewed briefly by Tower  (6). Of particular interest are the studies of 
Hines and Knowlton (7, 8) and of Fenn (9). The former workers have investi- 
gated the changes in calcium and potassium content of muscle following de- 
nervation while Fenn has studied the effect of exercise and of neurotomy on 
the potassium level in muscle. 
Since inorganic  cations play a role of great importance in the economy of 
the muscle cell it was expected that in the process of atrophy they also might 
play an important contributing part. Their well known mutually antagonistic 
action makes highly desirable that, if possible, each individual muscle be ana- 
lyzed for each of the cations.  Formerly such a plan was not feasible since the 
older  chemical methods for the analysis of these constituents were not only 
quite tedious but required larger  amounts of tissue  than could be obtained 
from the smaller laboratory animals. Taking advantage of recent advances in 
instrumentation and by perfecting  microchemical procedures,  however, it has 
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been possible to carry out a  complete analysis for sodium, potassium, calcium, 
and magnesium on as little as 0.5 gm. of tissue. 
EXPERIMENTAL 
Male albino rats, weighing 200  to 300 gm., were used in this investigation. They 
were unilaterally dencrvated by cutting the sciatic nerve under conditions which will 
be described elsewhere. At stated intervals the animals were anesthetized with nembu- 
tal and the gastrocnemius was dissected free without disturbing the blood supply and 
without unnecessary trauma. The muscle was then severed with one stroke of a  pair 
of sharp scissors and frozen solid in an ether-CO, mixture. After completely disin- 
tegrating the frozen muscle, the powdered tissue was extracted with 5 per cent tri- 
chloroacetic acid (TCA)  to give a  1:10 dilution. 
It will be noticed that this method of preparing the muscles for analysis does not 
involve bleeding the animal and massaging the muscle in an attempt to remove the 
blood contained in the vessels of the muscle. It was felt that such procedure would 
be not only time-consuming but might introduce variables which would be hard to 
control. Many previous investigators have preferred to ash the muscles prior to an- 
alyzing them for inorganic cations. With the older chemical methods of analysis such 
procedure may have been necessary in order to concentrate the ions sufficiently to 
permit their quantitative estimation. The methods used in the present investigation 
were sufficiently sensitive so that they could be carried out on  1 ml. aliquots of a 
I:i0 mnsde extract. The tedious ashing process was thus avoided. Furthermore the 
studies of Hines  and  Knowlton  (7)  on  calcium and of Stone and  Shapiro (10)  on 
potassium have shown that in the extraction methods no significant quantities of the 
cations are removed by the protein precipitate. 
Sodium and Potassium Daerminations.--For  the determination of these two ions the 
Beckman flame photometer attachment ill conjunction with the Beckman spectro- 
photometer model D  U  was used. Hald (11)  and Overman and Davis (12)  have de- 
scribed in detail the general procedure used in flame photometry as welt as the pre- 
cautions which must be observed. While these authors used a filter type of instrument 
which works with a  lower burner temperature, the instrument used in the present 
investigation is not sufficiently different to warrant a detailed description of its actual 
operation and the description will therefore be omitted. A standard curve was obtained 
for the estimation of each cation by adding definite and increasing amounts of sodium 
or potassium (in the form of their chlorides) to a  synthetic "filtrate" composed of 
amounts of calcium, magnesium, phosphates, chlorides, and 5 per cent TCA approxi- 
mately equivalent to those found in normal TCA muscle extracts. Each sample thus 
prepared was then diluted ten times and used to obtain the standard curve. Because 
of the high sensitivity of the method, special precautions must be taken to see that all 
water used in making dilutions of the tissue extracts and in making standard solutions 
is free of all but infinitesimal quantities of sodium or potassium. 
In actual determinations the 1 : 10 TCA muscle extract was again diluted ten times. 
Each time a  series of unknowns  was to be determined a  standard curve was estab- 
lished. After obtaining a  reading on five muscle extracts one of the samples used in 
establishing the standard curve was placed into the instrument to determine if any 
change in the sensitivity had occurred or if the intake orifice of the spray chamber had 1~.  L.  H-UMOLLER~  B.  GRISWOLD,  AND  A.  R.  McINTYRE  725 
become  partially blocked.  This  checking  was  repeated  after every five  unknown 
samples. After about every twenty unknown samples had been read the whole standard 
curve was reestablished  to check the linearity of response  of the instrument. Each 
muscle extract was read in duplicate by two different workers and the results listed 
in this report are based upon the average obtained in all readings. 
Calcium  Determination.--The calcium  in 1 ml. of 1:10 TCA extract was precipi- 
tated and  washed  in  essentially  the same  manner as suggested  by Sendroy (13), 
Mter drying the calcium oxalate precipitate to remove all traces of alcohol or ether, 
it was dissolved in 5 ml. of a 2 X  10-'~ ceric sulfate solution,  made up in 1 N sulfuric 
acid. Oxidation of the oxalate was allowed to proceed for 30 minutes at room temper- 
ature. After that time the excess ceric sulfate was estimated spectrophotometrically 
according to the method of Weybrew d  al.  (14) except that the estimations were 
carried out at 350 m~ instead of 315 rap. 
Magnesium  Determination.--For  the  estimation  of  magnesium  the  method  of 
Tarns (15) for water analysis was modified and adapted for use with biological fluids 
containing from 0.4 to 2 ×  10  -~ moles of Mg per ml. 
DISCUSSION 
The results obtained in this study are given in Table I  and Fig. 1. It will be 
observed that as atrophy progresses the potassium concentration of the muscle 
decreases.  This is not in  itself unexpected and  has been reported by other 
workers (7), but it is rather interesting to compare the loss of potassium  as 
the result of atrophy with that of protein as observed in this laboratory (I5). 
During  atrophy the ratio of connective tissue protein to contractile protein 
increases. Since connective tissue binds less potassium and more sodium than 
the myosin complex of the muscle (7) it is quite possible that the changes in 
the potassium concentration observed in this study are an expression of the 
loss of contractile protein as the result of atrophy. This gives some substance 
to the concept that potassium may be held in the muscle cell not so much by 
any differential permeability as by a non-diffnsible and perhaps non-dissociated 
complex. As the myosin moiety disappears or disintegrates during the course 
of atrophy, potassium will be set free in ionic form and leave the cell. It will 
be observed that following neurotomy the potassium content of both the con- 
trol and the denervated muscle increases. It would be desirable if this change 
in potassium content could be related to the change in activity of the rats. 
However, no quantitative estimation of the relative activity before and after 
neurotomy was carried out, hence the answer to this question must await further 
work. 
The sodium content of the muscle remains constant in the first few days 
following denervation and then rises sharply so that 20 days following the sec- 
tioning of the nerve, the sodium ion concentration is about 30 per cent higher 
in atrophic muscle than it is in the normal muscle. This increase in sodium is 
not attributable  to an increase in extracellular fluid because studies  carried 
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TABLE  I 
sEffect of Neurotomy  on the Inorgani~ Cation Content of Muscle 
.  [  [  Gastrocnemius 
Time  f  [  Normal 
after  ]No. of J 
dcnerva-  rats 
tion  1  I Mini-I  Maxi-  I Mean 
mum  mum 
Oastrocnemlus 
enervated _ 
Mean 
~,~ean 
difference*  of muscle 
t  per cent 
Sodium 
0 
1 
2 
3 
5 
10 
20 
10 
10 
9 
5 
10 
14 
10 
23.0 
24.0 
23.7 
25.0 
24.2 
27.3 
26.8 
28.5 
33.0 
29.1 
31.0 
37.6 
46.3 
32.1 
25.8 
28.8 
26.4 
28.2 
29.1 
28.3 
29.8 
21.5 
25.0 
22.6 
24.0 
28.1 
28.0 
40.8 
30.5 
31.0 
29.1 
29.0 
39.8 
34.9 
44.4 
24.2 
28.4 
25.6 
27.2 
31.8 
31.6 
43.5 
1.7  4-  0.8 
0.3  4-  1.1 
0.8  4-  0.8 
0.8  4-  0.6 
2.9  -4-  0.7 
3.4  4-  1.6 
13.7  4-  2.0 
1.5 
1.8 
5.5 
6.3 
15.9 
31.6 
54.7 
Potassium 
0 
1 
2 
3 
5 
I0 
20 
10 
10 
9 
5 
10 
14 
10 
91.0 
105.0 
102.2 
110.0 
103.3 
!  99.0 
11o9.2 
i07.0 
115.0 
116.0 
120.0 
110.0 
114.0 
118.0 
96.3 
109.9 
108.7 
114.5 
108.2 
109.7 
112.7 
91.0 
104.0 
101.0 
108.0 
96.8 
92.5 
85.4 
104.0 
114.0 
120.5 
118.0 
110.9 
109.0 
94.6 
97.1 
110.1 
109.9 
104.8 
101.4 
100.2 
89.2 
0.8  4-  1.8 
0.14-0.6 
1.5  -4-  1.7 
1.9  4-  2.6 
6.7  4-0.5 
9.6  4-4- 1.0 
23.5  4-4- 1.2 
1.5 
1.8 
5.5 
6.3 
15.9 
31.6 
54.7 
Calcium 
0 
1 
2 
3 
5 
10 
20 
8 
4 
10 
5 
9 
12 
11 
1.4 
1.5 
0.8 
0.6 
2.1 
1.2 
2.3 
2.0 
2.1 
1.7 
2.1 
4.0 
3.1 
3.2 
1.6 
1.7 
1.4 
1.4 
3.1 
2.5 
2.8 
1.3 
1.I 
0.9 
1.2 
2.6 
1.5 
2.4 
1.6 
2.4 
1.8 
2.0 
4.4 
3.9 
5.0 
1.4 
1.7 
1.5 
1.5 
3.6 
3.1 
3.8 
0.2  -4-  0.0 
0.04-  0.1 
0.I  4-0.0 
0.1  4-  1.8 
0.5  4-  0.0 
0.6  4-  0.0 
1.0  4-  0.2 
1.5 
1.8 
5.5 
6.3 
15.9 
31.6 
54.7 
Magnesium 
0 
1 
2 
3 
5 
10 
20 
9 
9 
I0 
5 
10 
14 
10 
11.3 
11.3 
11.2 
12.6 
11.0 
11.0 
11.4 
13.0 
13.1 
18.3 
20.2 
14.8 
13.6 
13.0 
11.6 
12.4 
14.1 
15.9 
12.0 
11.9 
12.1 
11.0 
10.4 
11.0 
12.0 
10.6 
9.0 
8.6 
12.6 
19.6 
17.8 
18.5 
11.8 
12.6 
11.3 
11.9 
12.9 
13.4 
15.2 
11.3 
11.3 
10.1 
0.3 
0.5 
0.8 
0.7 
0.7 
0.6 
2.0 
4-0.5 
4-  0.9 
4-0.8 
4-4-1.1 
4-4- 0.4 
4-4- 0.3 
4-4- 0.0 
1.5 
1.8 
5.5 
6.3 
15.9 
31.6 
54.7 
All values expressed as mM/kg, wet weight. 
* Mean of differences between normal value and  denervated value 
Standard  deviation 
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of the atrophic muscle is only slightly higher than that of the normal control 
and is not progressive with atrophy. A factor which may contribute to the in- 
crease of sodium in the atrophic muscle is the fact that in atrophying muscle 
the ratio of myosin to connective  tissue  decreases with atrophy.  It is quite 
probable  therefore that as the relative amount of connective  tissue  increases, 
the concentration of sodium will correspondingly  increase  (7). Further  solu- 
tion of this question may have to wait until such time as a method becomes 
available which is sufficiently sensitive to measure  the sodium content of single 
muscle fibers. 
The constancy of the magnesium  content of muscles undergoing  atrophy 
is both interesting and surprising. From these results it would seem that intra- 
2C 
0  .5  I0  15  20 
DAYS 
FIG.  1.  Changes in inorganic cation content of muscle following neurotomy. 
cellular magnesium  is unable to escape from the cell even after the protein 
content of the cell decreases with atrophy. This behavior is different from that 
of potassium which decreases in concentration as the protein content of the 
cell decreases. The constancy of magnesium content of muscle during atrophy 
precludes  the concept  that atrophy is initiated or aggravated by changes  in 
magnesium concentration which may in turn accelerate  or inhibit enzymatic 
reactions. 
The values of the calcium content of normal muscles listed is Table I  do 
not agree with those of Hines and Knowlton (7) but are in good agreement with 
those of Steinback  (17). Following denervation the calcium  content of the 
muscle remains more or less constant for the first few days and then rises, so 
that 20 days following the operation it has increased about 35 per cent over 
that of the control side. It is quite interesting to compare these results with 
those of Morgulis and Osheroff (18) who observed increases up to 1000 per cent 
in calcium content in the muscles of rabbits suffering from acute dystrophy. 
It is  difficult  to reconcile  these  findings  with the concept  that fibrillation, 
which is always observed following neurotomy, is caused by a lowered calcium 728  NEUROTOMY  AND INORGANIC CATION CONTENT O12 MUSCLE 
content of the muscle unless one were to assume that the "normal" state of 
rest of a muscle depends upon the ratio of internal [Ca  ++]  to external [Ca++], 
a  rise  in  internal [Ca++] might have an  effect similar  to  a  lowered external 
[Ca++].  Previous  work  has  demonstrated  conclusively that  by  the  3rd  day 
following either neurotomy or tenotomy the process of atrophy is well started. 
However, the results listed in the present report show definitely that no sig- 
nificant changes in  the inorganic cation content of denervated muscle occur 
until after the 3rd day. In other words, the changes observed appear to be the 
result of atrophy and not the cause of it. 
SUMMARY 
1. A  study of the effect of denervation on the inorganic cation content of 
muscle has been carried out. In this study 69 rats were employed. 
2. By using the flame photometer for the estimation of sodium and potas- 
sium and increasing the sensitivity of previous methods for the estimation of 
calcium  and  magnesium,  it  has  been possible  to  carry out  analyses  for all 
these ions on as little as 0.5 gin. of tissue. 
3.  It was observed that following neurotomy the concentration of sodium 
and calcium in the whole muscle increased significantly while at the same time 
the potassium content decreased. The magnesium content remained unchanged 
during the period studied. 
4. The significance of these results has been discussed. 
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